Summary. These studies were undertaken to assess the influence of storage temperature of insulin vials on pharmacokinetics and pharmacodynamics of a mixture of lente insulin (Monotard HM) and regular insulin (Actrapid HM) injected subcutaneously. Seven subjects with Type 1 (insulin-dependent) diabetes mellitus were studied twice after overnight normalization of plasma glucose. A mixture of lente insulin (0.22 U/kg) and regular insulin (0.11 U/kg) was prepared from insulin vials kept either refrigerated (-4 ~ C) or at room temperature (-18~ and injected subcutaneoulsy (abdomen). Euglycaemia was maintained for the following 16 h by glucose infusion at variable rate. With refrigerated insulin, the plasma free insulin peak was greater (53 _+ 5 versus 45 + 6 mU/1) and occurred earlier (2.5 + 0.2 versus 6+ 0.3 h), and the glucose infusion rate showed a greater (16.5 + 1.2 versus 14.5 +_ 0.9 ptmol-kg-l-min-1) and earlier peak (3.2 + 0.2 versus 6_+ 0.4 h) as compared to that occurring with the non-refrigerated insulin (p<0.05). However, 6h after insulin injection, both plasma free insulin and glucose infusion rate were 30% lower with the mixture of refrigerated as compared to that of non-refrigerated insulin (p<0.05). In contrast, when NPH-insulin (Protaphane HM) was mixed with regular insulin and injected in 4 out of the 7 diabetic patients, the storage temperature of insulin vials had no effect on the pharmacokinetics and pharmacodynamics of the mixture. Thus, the storage temperature of insulin vials profoundly influences the effects of the mixture lente/regular insulin, but does not affect the pharmacokinetics and pharmacodynamics of the mixture NPH/regular insulin.
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Several studies have recently shown that subcutaneous injections of mixtures of regular and lente insulin [1] [2] [3] [4] [5] [6] [7] , or ultralente insulin [8] in man result in a partial loss of activity of the rapid component. Preprandial injections of these mixtures in subjects with Type 1 (insulin-dependent) and Type 2 (non-insulin-dependent) diabetes mellitus result in an exaggerated postprandial hyperglycaemia [9] [10] [11] . In contrast, when regular insulin is mixed with NPH insulin, the action profile of the fast component is maintained [2, 4, 5, 7, 12] . Despite various concerns that injections of mixtures of lente and regular insulin may lead to erratic pharmacokinetics of insulin [13, 14] , mixing regular and lente insulin nevertheless remains a common practice in subjects with Type 1 diabetes mellitus. Recently we observed in pilot experiments that the activity of the fast component of a mixture of lente and regular insulin was (apparently) dependent on the storage temperature of the insulin vials.
The present series of studies were undertaken to test the hypothesis that the storage temperature of insulin might play a role in influencing the pharmacokinetics and pharmacodynamics of the fast component of a mixture of intermediate-acting and regular insulin. For this purpose, lente and regular insulin on one occasion, and NPH and regular insulin on another occasion, stored either at ~4~ or at -18~ were mixed in the same syringe and injected subcutaneously in subjects with Type 1 diabetes mellitus. Plasma free insulin concentration and the glucose infusion rate required to maintain euglycaemia were determined over the 16 h following the injection of the insulin mixtures.
Subjects and methods
Seven subjects (4 M, 3 F) with Type 1 diabetes mellitus (plasma C-peptide less than 0.01 pmol/1 after glucagon stimulation [15] ), aged 27_+3 years (mean _+ SEM), with a body mass index of 22.03+0.57 kg/m 2, diabetes duration of 11 -+3 years, were studied after giving fully informed consent, on two separate occasions, a O---O) in 7 subjects with Type 1 (insulin-dependent) diabetes mellitus, studied in euglycaemia (variable intravenous insulin infusion until 0 h). Values are mean _+ SEM week apart. The diabetic subjects were on three daily subcutaneous injections of insulin (regular at breatfast and lunch; mixture of regular and lente at supper). Their HbAlc was 6.8 _+ 0.2% as measured by high performance liquid chromatography [16] (in 15 non-diabetic subjects 6.1 +0.7%, mean+ SD). The last injection of intermediateacting insulin was given 36 h prior to the studies and only regular insulin was injected subcutaneously or intravenously thereafter. The subjects were admitted to the Clinical Research Center of the Istituto di Patologia Medica0 University of Perugia, between 22.00 and 23.00 hours on the night preceding the study; they were placed at bed rest and maintained in the supine position throughout the experiments. An 18-gauge needle-catether was inserted into an antecubital vein of the forearm and kept patent with 0.9% NaC1 infusion (0.5 ml/min). This venous line was used for infusion of insulin and/or glucose. A 21-gauge butterfly-needle was inserted retrogradely into a dorsal vein of the contralateral hand which was kept at 70~ in a plexiglass hot box to obtain arterialised-venous blood [17] . At 23.00 hours an infusion of insulin (Actrapid HM, U-40, Novo Industri, Bagsvaerd, Denmark), diluted approximately at 1 U/ml in 0.9 NaC1 solution containing 0.5% human albumin (Immuno S.p.A., Pisa, Italy) was started by means of a Harvard pump (Harvard Apparatus, South Natick, Mass, USA) and continued until 08,00 hours the next morning. Insulin was infused at a variable rate based on the arterialised-venous plasma glucose concentration measured every 5-15 rain, according to a previously described algorithm, in order to maintain a plasma glucose concentration of between 4.5 and 5.5 mmol/1 [18] . At 08.00 hours the i.v. insulin infusion was stopped, and a mixture of lente intermediate-acting insulin (Monotard HM, Novo, 0.22 U/kg) and regular insulin (Actrapid HM, 0.11 U/kg) was injected within 1 rain after its preparation into the abdominal wall (2 cm to the right or to the left of the umbilicus) using a 20 U/0. whereas on the other occasion from insulin vials kept at room temperature (-18~ overnight. The sequence of the studies was varied at random. Glucose was infused at a variable rate to maintain a plasma glucose concentration of between 4.5 and 5.5 retool/1 over the 16 h following the injection of the insulin mixture, as previously described [19] .
Four out of the seven subjects underwent two additional studies, 1-2 months after completing the first two studies. The two additional studies were identical to the ones described above, but NPH insulin (Protaphane HM, Novo, 0.22 U/kg) instead of lente was mixed with regular insulin (Actrapid HM, 0.11 U/kg) from refrigerated insulin vials on one occasion, and from insulin vials stored at room temperature on the other occasion.
The zinc content of the lente insulin (Monotard HM) was 0.08 mg/ml, and the protamine content of the NPH insulin was approximately 0.15 mg/ml. The same batches of insulin were used for all studies. Plasma glucose was measured at bedside by means of a Beckman Glucose Analyzer (Beckman InstnJments, Fullerton, Calif, USA). Plasma free insulin was measured as previously described [20] after polyethylene glycol extraction of plasma soon after blood sampling to remove insulin antibodies. Plasma C-peptide was measured by a previously described method [21] .
Statistical analysis
Results (expressed as mean+SEM) were analysed by means of Anova [22] .
Results
Effects of storage temperature of insulin on pharmacokinetics and pharmacodynamics of the mixture lente and regular insulin (Fig. 1) In these experiments, the mixture of lente and regular insulin was prepared from refrigerated insulin vials (-4~ on one occasion, and from vials kept at room temperature (~18~ overnight on the other occasion.
After injection of mixture of refrigerated insulins, plasma free insulin increased from 12_+2 mU/1 to a peak of 53_+ 5 mU/1 at 2.5_+ 0.2 h and thereafter decreased to 30_+6 mU/1 at 8 h; it was no longer different from baseline values at 16 h (10_+ 2 mU/1). Plasma glucose concentration during the 16h clamp was 4.9_+ 0.2 mmol/1 (coefficient of variation, c.v., 3.7_+0.2%). The glucose infusion rate required to maintain euglycaemia increased to a peak of 16.5_+1.2 lxmol.kg -t.min -t at 3.2_+0.3 h, decreased to /1.8_+0.99mol-kg -1.rain -I at 8h, and to 2.9 _+ 0.4 lxmol 9 kg-t. min-t at 16 h.
After injection of non-refrigerated insulin mixtures, the initial increase in plasma free insulin was slower as compared to that observed with the mixture of refrigerated insulins, with a later (6 _+ 0.3 h) and lower peak (45 _+ 6 mU/1) as compared to that observed with the mixture of refrigerated insulins (p<0.05). However, from 8 through 16 h, the mean plasma free insulin concentration was greater than that following injection of the mixture of refrigerated insulins (22_+ 4 mU/1 vet- The increase in glucose infusion rate required to maintain euglycaemia was initially slower as compared to that following injection of the mixture of refrigerated insulins, with a later (6 _+ 0.4 h) and lower peak (14.5_+0.9gmol.kg-l-min -1) as compared to that observed after injection of mixture of refrigerated insulin (p<0.05). However, from 8 through 16 h, the mean glucose infusion rate was greater with the mixture of non-refrigerated than refrigerated insulin (10.03 _+ 0.9 gmol-kg -1 -rain -1 versus 8.03 _+0.8 gmol. kg-1. min-1, p < 0.05).
There were no significant differences between the areas under curves of plasma free insulin (18.6+2.5mU.1-1.16h -1 and 19.3_+3.4mU.1-1. 16h-1) and glucose infusion rate (10.9_+1.1 gmol-kg -1. 16 h -1 and 11.1 _+ 0.7 ~xmol. kg -1-16 h -1) after injection of mixture of refrigerated and nonrefrigerated insulin respectively. (Fig. 2) After injection of the mixture of NPH and regular insulin, the plasma insulin concentration and the glucose infusion rates required to maintain euglycaemia over the following 16 h were no different than when the mixture was prepared from refrigerated insulin, as compared to when the mixture was prepared from non-refrigerated insulin. Thus, the storage temperature of NPH insulin had no effect on pharmacokinetics and pharmacodynamics of the mixture of NPH and regular insulin.
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Discussion
The present study demonstrates that the storage temperature of insulin influences the pharmacokinetics and the pharmacodynamics of a mixture of lente and regular insulin injected subcutaneously in subjects with Type 1 diabetes mellitus. Compared to a mixture of refrigerated insulins, the injection of a mixture of non-refrigerated insulins (-18~ resulted initially in a partial loss of activity of the fast component, but later in a greater activity of the slow component. On the other hand, the storage temperature of insulin had no effect on the activity of the mixture of NPH and regular insulin.
Several [7, 23] , although not all [24, 25] in vitro studies -but invariaNy all in vivo studies in nondiabetic [2] [3] [4] as well as in diabetic subjects [5] [6] [7] 11 ] -have demonstrated that mixing lente with regular insulin causes a significant loss of activity in the fast component of the mixture, a phenomenon not observed after mixing NPH with regular insulin. In vivo studies indicate that such a phenomenon is exaggerated by the relatively high proportion of lente insulin [2] , by the prolongation of the time interval between preparation and injection of the insulin mixture [3, 4] , and also apparently by insulin species, because it is more evident with semi-synthetic human than with porcine monocomponent insulin [26, 27] . The present study demonstrates that another factor, i.e. the storage temperature of insulin vials from which the mixture is prepared, plays a critical role.
In the present study, the storage temperature of insulin influenced also the activity of the slow component of the lente/regular insulin mixture, a finding not shown in previous studies (with one exception, [11] ), which were already terminated 4-8 h after the injection of an insulin mixture. In the present study, the plasma free insulin concentration, as well as glucose infusion rate required to maintain euglycaemia from 8 to 16 h after the injection of mixture lente/regular were approximately 40% lower when refrigerated insulins were mixed, as compared to the mixture of non-refrigerated insulins.
The findings of the present study might have a relevant implication for the treatment of Type 1 diabetes mellitus. Unless the storage temperature of lente insulin is strictly standardised, the bio-availability of insulin after a preprandial injection of a lente/regular insulin mixture might vary from time to time; a phenomenon which would contribute to fluctuations in blood glucose control. Since the storage temperature of lente affects the pharmacokinetics of both the fast and the slow components of the mixture with regular insulin, glycaemic fluctuations might occur both soon after the meal and later in the interprandial fasting periods.
The mechanism(s) by which storage temperature of insulin influence(s) the pharmacokinetics of both the fast and the slow components of the mixture lente/regular insulin remain(s) a matter of speculation. Theoretically, it could be a direct mechanism, i.e., room temperature might accelerate the interaction between the excess of zinc in the acetate buffer of the lente insulin (concentration 2.73%) and the regular insulin of the mixture. Such binding of regular insulin by the zinc would cause the loss of activity of the fast component of the mixture. In a later phase, the regular insulin initially bound would be released as if it were lente insulin, and would contribute to the greater plasma free insulin concentration observed in the present study from 8-16 h after the subcutaneous injection of the mixture. However, the effect of temperature could also be indirect, i.e. room temperature could shift zinc molecules from the crystals of lente insulin into the acetate buffer, and such an increased availability of zinc would in turn interact with regular insulin, as hypothesized above.
From the results of previous studies [1] [2] [3] [4] [5] [6] [7] and the present study it could be concluded that, unless the vials of lente and regular insulin are kept strictly refrigerated, lente insulin should not be mixed with regular insulin. Theoretically, the problem of poor miscibility of lente and regular insulin might be overcome by giving separate injections. Such an approach, however, seems quite impractical. Apparently, sequential subcutaneous injections of lente and regular insulin with separate syringes but through the same needle seem to provide results similar to those of separate injections [28] . Alternatively, NPH instead of lente insulin may be safely mixed with regular insulin in the same syringe.
In summary, the storage temperature of insulin affects the pharmacokinetics and the pharmacodynamics of the mixture of lente/regular insulin. Mixing lente and regular insulin stored at room temperature causes a significant loss of the fast component, but an increased activity of the slow component. Injections of mixtures of lente/regular insulin prepared regardless of temperature of storage may cause erratic results in the pharmacokinetics of both fast and slow components of the mixture, and could contribute to the instability of blood glucose control in insulin-treated diabetic subjects.
